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A new, efficient approximation for coupled cluster singles and doull€sD is proposed in which

a CCSD calculation is performed in a valence active space followed by a second-order perturbative
correction to account for the inactive singles and doubles cluster amplitudes. This method, denoted
VCCSD(SD), satisfactorily reproduces CCSD results in a variety of test cases, including
spectroscopic constants of diatomic molecules, reaction energies, the Cope rearrangement, and other
relative energies. Use of VCCSD alone is significantly less satisfactory. Formali@2¥éscaling

of CCSD is reduced to?v2V?, whereo is the number of active occupied orbitalsis the number

of active virtual orbitals, an® is the total number of virtual orbitals. We also investigate the role

of orbital optimizations and the appropriate choice of an active space in such metho@020
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I. INTRODUCTION tive space. This is the strategy used in the CASSCF/CASPT2

. . air of methods, for exampfeHowever, instead of the fac-
Despite recent advances in computer hardware, accurafgria”y expensive CASSCF treatment of the active
ab initio electronic structure calculations on large molecule

S : . .
N _ . electrons, we will use CCSD itself in the space of all va-
remain difficult due to the high formal scaling of the com- P

. ; ._lence orbitals. A subsequent second-order correction outside
putational cost of standard wave function-based correlatlortlhe valence space will be performed using our recently de-
methods. The widely used second-order Mgller—Plesset Pelieloped similarity-transformed perturbation thedty:®

H 5
turtl)la tion theoryMP2) scalles(,j folrmally gzNI ' a:jnd the gen- The motivation for doing this is both physical and algo-
erally more accurate coupled cluster singles doufsSD) rithmic. We expect that beyond-valence correlations are

6 i i - . . .
tr_netholti scales d?h’ whfereN IIS thel_ number of br?sg?(;;lnc weaker and will thus be more satisfactorily treated by pertur-
ons. %vﬂ:eri e;e ot[rr?a fsca|r|1g3 a|1're unpny d . bation theory than valence correlations. Furthermore, within
one wou'd fike 1o reduce this tormal scaling using appropri-y,e ya1ence space, approximations to CCSD can be stronger

ate physical and numerical approximations. than in the full space—for example the perfect pairing gen-
One such approach to reducing this high cost has bee ! W sp xamp P ﬁ4_1'3 r:atlai?]S

Sralized valence bontPP-GVB approximatio
through the so-called local correlation methods pioneered b ® B app

. . any a linear number of pair excitations. Generalizations to
Saebg and F_’ule?y’.’.ln methods of this type, molecular orbit- o oo pairin~?° retain only a small quadratic number
als are localized in some fashion and excitation amplitude

Bf amplitudes. Thus, one can potentially combine the abilit
(whether in the context of MP2 or coupled cluster thegries b ' P y y

- ; . of these methods to treat very large active spaces with local
are explicitly treated only between orbitals within some pre'MPZ-type models for the beyond-valence correlation
defined spatial distance. Though highly efficient and often This paper takes the first step towards this general ob-

quite accuraté these methods contain a degree of arb'tra”"ective by addressing the extent to which an approximation

ness in how these cutoffs are defined and also can producg yis v o6 can be faithful to full CCSD. We do this by first

discontinuous potential energy surfaces as molecular geo btaini ; s .
) i taining an appropriate set of valence orbitarsthe 1:1
etry changes.These problems can be avoided at additional g Pprop

onal by utilizing diff teria f lecti active space, where each valence occupied orbital is associ
g%?#ilé?rﬁltogicﬁgztony:;[I)Zlilpugde; eg:é C;ILtjirr:an?c: dS:; e”‘fr:'pnlg ated with a correlating antibonding orbital, as in perfect pair-
. T e ) ‘ing). The reference CCSD calculation is performed in this

mented for MP2 is the TRIM modéljn which only double 9 P

itati ith ied and irtual orbital limited valence space, with no local approximations. Subse-
exciations with one occupied and one virtual orbital on aquently, the second-order perturbative correction is per-
common atom are retained. Another alternative is to u

S . .
. . . ) ormed with only single and doubles terms as needed to
atomic orbital basis cutoffs directfy. y 5ing

Th £ thi it | hether effici mimic full CCSD. This hybrid theory is defined in the fol-
€ purpose ot this paperis to explore whether € ICIemiowing section, and its computational cost in the absence of
approximations to CCSD can be formulated in a two-stag

ocal approximations is discussed. It is then tested against

approach_, similar tp th_at employed in methods which fIrStfuII CCSD for a range of structural and energetic properties.
treat static correlation in an active space, followed by dy-

namical correlations associated with orbitals outside the adi. THEORY

Our target level of theory is the standard CCSD method,
3Electronic mail: mhg@cchem.berkeley.edu which involves a wave function of the following form:
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|\I’cc>:e+|q)o>, 1) als are availa}ble. It is therefore expedien_t to use a strong
local correlation approximation, which will permitela-
" a oA o 1 e tively) inexpensive optimization of the valence active space.
TET1+T2=§ SEICHES ZiEb t1°{alaafa}, (@  Thelocal correlation approximation need not be quantita-
’ e tively accurate; it must simply yield a reasonably faithful set
Here i,j,k, ..., refer to occupied orbitals, and of valence orbitals.
a,b,c,..., refer to virtual orbitals. The energy and unknown One such possibility is perfect-pairing CCD, which
cluster amplitudes are obtained by minimizing the functionalyields approximate PP orbitals, based on retaining only a
N e - linear number of amplitude'’$:32*A related possibility is to
Focso=(Pol(1+A)e™ THeT|dy), (3 use imperfect-pairinglP) CCD, which also determines ap-
proximate PP orbitals, but based on retaining a quadratic
number of double excitatior§. Because of the increased
flexibility in the IP functional, the orbitals obtained have
been found to be closer to the VOD-optimized orbitals, and
(4)  we therefore adopt it as our source of valence optimized
) o ] ] orbitals. We therefore also adopt the PP active space. In sum-
by forcing the dgrlvatlves of the functlonal with 'respect 'to mary, VCCSD calculations involve optimization of the PP
the A andt amplitudes to be stationary. Symbolically, this 5¢ive space within the IP ansatz followed by CCSD with no
may be written as local correlation approximations in this valence space.
As the VCCSD calculation is performed only within the
= , - ) (5) PP valence space, it recovers only a modest fraction of the
2\ aT total correlation energy, perhaps in the vicinity of 20% to

In CCSD, the occupied orbitals may be restricted to onIyA,'O/" and diminishing with larger basis sets. Valence correla

valence orbitalge.g., a frozen core approximatiprbut no tion can be viewed as a definition of static or nondynamical
restrictions are usually imposed on the virtual orbitals. correlgti_on_ energy. To apprqach quantitative_ly accurate re-

We approximate the full solution of the CCSD equationssults, it is likely that a correction must be applied subseql_Jent
in two stages. The first step is to solve the CCSD problem il YCCSD to account for the beyond-valence or dynamical

just a valence space. In other words, we restricttthad \ correlations. We apply a perturbative, second-order correc-

amplitudes such that excitations occur only within an activelion based on our recently introduced similarity transformed

H 12
space of valence orbitals. The second step is the addition &ert_lIJ_Lbanon lttheor% i h the followi | form:
a perturbative second-order correction for beyond-valence € resufting equations have the foflowing generai form.

where

e o o
A=A+ A2=% A {ala )+ 7, Jzab )\'a{b{a?aaafab},

dFccsp JFcesp
=0 =0

correlation. E'%=Evccso ©)
We consider that active spaces appropriate for general (1]

chemical applicability are ones which correlate all valence E=0, @)

electrons. Two principal alternatives are the full valengg ( E[2]=<O|(1+A)mll(E[ol—mol)*lm”m). 6)

active space and the perfect-pairing @.1) active space
(PP. Disregarding spatial symmetry, the full valence spacelhis correction contains terms involving single, double,
defines the active orbitals to be equal to the number of vatriple, and quadruple excitations, as discussed in detail
lence atomic orbitals. The PP spader closed-shell mol- elsewhere?
ecules defines the number of active orbitals to be twice the  Since our goal is to approximate CCSD efficiently, we
number of occupied valence orbitals, where ther@ideast truncate this correction after the doubles terms, ignoring the
in principle) one correlating orbital for each occupied orbital. computationally demanding triples and quadruples terms
To apply CCSD within a valence active space means thawhich are not present in CCSD. We term this procedure
the active orbitals must have been optimized by anothe¥CCSID(SD). Evaluation of the(SD) correction dominates
method. After all, one should not simply choose the lowesthe computational time. Overall, the method scales as
virtual orbitals from a Hartree—Fock calculation to be the0?v?V?, whereois the number of active occupied orbitads,
active orbitals. As the basis set size grows, these lowest-lyintg the number of active virtual orbitals, and is the total
virtual orbitals become low-energy, diffuse Rydberg orbitalsnumber of virtual orbitals. In separate future work we will
which cannot properly correlate occupied valence bondin@dude the triples and quadruples terms to assess their ability
orbitals. Correspondingly, the magnitude of the correlatiorio directly approximate CCSR) (Ref. 12 [which is equiva-
energy from such a calculation limits toward zero as theent or superior to CCSO) (Ref. 25] from a VCCSD start-
basis set approaches completeness—clearly an unphysidag point.
result!
Several reasoqable choices for valence qptimized orbitl—”_ RESULTS AND DISCUSSION
als are possible. First, one could choose orbitals from a va-
lence optimized orbital CCBVOD)?* or QCCIF? calcula- The VCCSOSD) method has been implemented in a
tion. However, these calculations are still relatively developmental version af-cHEM.?® A variety of tests has
expensive. In particular, they are far more expensive thabeen performed in order to determine the accuracy with
performing CCSD in the valence space, presuming the orbitwhich VCCSDOSD) approximates standard CCSD results.
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FIG. 1. Energies as a function of active space size fgd Hsymmetrically /G- 2. The ; potential produced by stretching the F—F bond in a cc-pvTZ
stretched to 1.78, , in a cc-pVDZ basis as calculated with VCCSD using IP P@SiS:

orbitals, VCCSD using canonical orbitals, and VOD. The active space con-

tains equal numbers of occupied and virtual orbitals until all five occupied

orbitals are active, after which only virtual orbitals are added to the space.

The vertical dashed line marks the PP active space used in a standarshtively, once might consider something like a “double-PP”
VCCSD calculation. active space with 16 active orbitals instead of eight, thereby
providing three correlating orbitals to each occupied. In this
case, a double-PP active space would recover almost all of
We also make some very preliminary tests of computationajhe CCSD correlation energy. However, exploration of such
efficiency. Each of these is described below. In some caseextended active spaces will be the subject of future studies.
it is desirable to compare the results obtained withFor now, the remainingdynamica) correlation will be ob-
VCCSD(SD) againsst those obtained from a method whereained with perturbation theory.
the active orbitals are fully optimize@hnd therefore repre- VCCSD with the IP-optimized orbitals behaves qualita-
sent the best choice of orbitals for such a mejhéwr this  tively the same as VOD up through ten active orbitaks., in
reason, we also introduce V@®D), which is equivalent to the regime in which IP is well defingdBeyond ten active
VOD(2) (Ref. 11) except that the perturbation correction is orbitals, no more occupied orbitals remain to pair with addi-
truncated as described above for VCGSD). tional virtual orbitals, so subsequent active virtuals have little
chemical significance in the IP model. Correspondingly, the
rate of correlation energy recovery drops dramatically. Thus,
The performance of any active space method dependge approximately optimized orbitalfom an IP calculation
critically upon the choice of the orbitals within that space.pehave similarly to the fully optimized orbitals within the PP
Here, we address this issue in the context of VCCSD. Figurgctive space. As for VOD, this choice of active space bal-
1 plots the VCCSD and VOD enerdyithout the perturba-  ances efficiency and recovery of the correlation energy. In
tive correction versus the active space size for water in acontrast, if we use the canonical orbitals instead, the active
cc-pVDZ basis:"?® In this example, the water molecule has space must be roughly twice as large to recover the same
been symmetrically stretched to 1R thereby increasing portion of the correlation obtained with IP orbitals in the PP

the Significance of the static correlation. The active Spacgpace, underscoring the importance of an Optirnized active
used is of the perfect-pairing.:1) type until ten orbitals are  space.

active. Beyond this point, all occupied orbitals are active, so
only the active virtual space grows. With no active orbitals
we obtain the Hartree—Fock result, and with all 24 orbitals _ _
active we have the CCSD result. B. Potential energy .surfaces and spectroscopic

Focusing first on the VOD curve in Fig. 1, we see gceonstants of diatomic molecules
dramatic gain in correlation energy at four active orbitals, = Next, we focus on the ability of VCCSD and
corresponding to the inclusion of a correlating virtual for VCCSD(SD) to reproduce CCSD potential energy surfaces
each pair of bonding electrons. Doubling the active spacend properties. Consider, for example, the surface produced
size to eight orbitalthe PP active spagadds in correlating by stretching the fFbond, as shown in Fig. 2. Qualitatively,
orbitals for the lone pairs and obtains significantly more cor-VCCSD(SD) reproduces the shape of the CCSD potential,
relation energy. Although no rigorous partitioning of the though the absolute energy is somewhat in error. However,
static and dynamical correlation exists, this chemically mo-+his absolute error in energy is, for the most part, unimpor-
tivated active space translates into a suitable choice for oltant in observable relative energies, as demonstrated below.
taining a sizable fraction of the correlation energy roughlyFirst, we focus on the ability of VCCSD and VCC&ED) to
corresponding to the static correlation at minimal cost. Alter-correctly mimic the CCSD potentials in calculating the spec-

A. The VCCSD energy and the choice of active space
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TABLE |. Root-mean-square errors with respect to CCSD for VCCED and MP2 for first- and second-row
diatomic spectroscopic constani, is in A, while the other properties are in ch

Re We Be De Qe WeXe
MP22 0.0083 89.2 0.077 13210 © 0.0139 2.55
VCCSD? 0.0086 43.1 0.143 10:410°° 0.0067 2.83
VCCSD(SD)? 0.0040 21.8 0.020 2.8010 ¢ 0.0032 0.72
MP2 0.0145 71.1 0.019 2.5010°© 0.0034 1.02
VCcCsD 0.0193 37.2 0.0830 4.5810°° 0.0076 2.81
VCCSQSD)b 0.0085 13.7 0.005 1.4910°° 0.0032 1.17
MP2* 0.0242 107.9 0.0321 6.6410°°6 0.0059 2.38
VCCSI¥ 0.0425 51.9 0.1379 6.6710°° 0.0032 9.61
VCCSD(SD)® 0.0175 22.9 0.0190 2.2210°8 0.0022 2.62

dncludes: BF, BH, G, CO, R, HF, N,, NF, and NH, in the cc-pCVTZ basis.

PIncludes: AICI, AIF, AlH, Ch, CS, FCI, HCI, NP, R, SiO, and SiS, in the cc-p¥ +d)Z basis(Al-Cl) and the
cc-pCVTZ basigH-F).

‘Includes: BeO, BeS, Lj LiH, MgO, MgS, Na, NaF, NaH in the 6-311G(@f,2pd) basis.

troscopic constantfR., we, Be, De, ae, and weXe for  results for each group of diatomic molecules and each spec-
the singlet ground-state first- and second-row diatomidroscopic constant. For almost every constant, VCCED
molecules. results are a factor of 2 to 4 better overall than their corre-
Five single-point calculations about the experimefal sponding MP2 results. Note particularly the success of
value$® spaced 10 picometers apart were used for the fityCCSD(SD) in predicting harmonic frequencies, rotational
which was performed wittps1®® In cases where the points constants, and centrifugal distortion constants as compared
were not well centered about the experimental minimum, a0 MP2. The anharmonic and coupling constants prove
shifted set of points was used to obtain better results. Unforslightly more difficult for VCCSDSD). The second and third
tunately, the target cc-pCVTZ basis! is unavailable for groups of anharmonic constants are the only categories in
many of the elements in this study. Therefore, the ccpV( which MP2 has a lower rms error than VCC&D), prima-
+d)Z basi$? and the 6-311G(@f,2pd) basi$®>**were used rily due to AlH, for which VCCSIDISD) is 3.4 cmi ! (15.5%
as well. For the purpose of calculating statistics, the diatomeff and Li,, for which it is 6.1 cm* in error. However, the
ics are divided into three groups based on the basis sets useither VCCSDSD)-calculated properties of AlH are in fairly
as explained in Table I. The first group of diatomics containggyood agreement with CCSD, so this case is not too signifi-
BF, BH, GC,, CO, k, HF, N,, NF, and NH, the second group cant. Moreover, the error in Liis large but qualitatively
contains AICI, AlF, AlH, C}, CS, FCI, HCI, NP, B, SiO, and  correct. In contrast, MP2 predicts the wrong sign for this
SiS, and the third group contains BeO, BeS, LLiH, MgO, constant. The largest errors for VCC&D) occur in the
MgS, Ng, NaF, and NaH. We compare VCCSD, VCCS- third group, which contains molecules with alkali and alka-
D(SD), and MP2 results against CCSD results, since our ainfine earth metals. This is not surprising, since the PP active
is to test the faithfulness of VCCSBD) to CCSD rather spaces for these elements are quite small. Nevertheless,
than to concern ourselves with choosing appropriate basiCCSD(SD) generally outperforms MP2 even in these
sets for predicting experimental results. Mg excluded cases.
from the study because it was found that each theory pre- One molecule, AICI, deserves closer examination.
dicted widely different bond lengths ranging from 4.5 to 7.5VCCSD(SD) has particular difficulty with AICI, as shown by
A, none of which was near the experimental value of 3.89 Athe results in Table Il. The fit for AICI was performed on
Further study of this molecule is beyond the scope of thigoints every 10 picometers from 2.100 113 to 2.140113 A,
paper. rather than the standard five single points centered about the
Table | contains the root-mean-squdrens) errors for  experimental equilibrium bond lengt®.130 113 A. In any
MP2, VCCSD, and VCCS[BD) as compared to the CCSD case, VCCSIBD) does not correctly reproduce the potential

TABLE Il. Predicted spectroscopic constants for AICI in the cc-PW(d)Z basis.R, is in A, while the other
properties are in cit.

Re We Be De Qe WeXe
MP2 2136411 489.9 0.24251 0.2880°© 0.001 50 1.87
VCCSD(SD) 2.113053 517.5 0.247 90 0.2240°° 0.00193 0.78
VOD(SD) 2.115792 492.7 0.247 26 0.2490°6 0.001 54 1.86
CCsD 2.137 953 490.1 0.242 16 0.2860 © 0.001 49 1.99
Experiment 2.130113 481.3 0.24393 0.2800°8 0.001611 1.95

a/alues taken from Ref. 29.
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TABLE |lIl. Calculated harmonic frequencie®, using MP2, VCCSD, TABLE IV. Calculated anharmonic constanisx., using MP2, VCCSD,
VCCSD(SD), and CCSD. CCSD value is the calculated one, while otherVCCSD(SD), and CCSD. CCSD value is the calculated one, while other
columns are errors relative to CCSD. All values are in &riThe molecules  columns are errors relative to CCSD. All values are in éniThe molecules

are grouped by basis set as described in Table | and in the text. are grouped by basis set as described in Table | and in the text.
MP2 VCCSD VCCSDSD) CCSD MP2 VCCSD VCCSDSD) CCsD
BF —3.47 —25.91 15.00 1427.36 BF 0.14 —0.88 0.30 11.12
BH 67.46 —90.10 —6.56 2367.86 BH -2.17 —6.67 0.66 48.30
C, —2.83 —9.62 46.54 1891.93 C, —-1.14 —-0.97 -0.27 12.42
CcO -101.77 —6.38 16.79 2233.30 CcO 0.45 —0.96 0.81 12.11
F 0.51 —57.95 13.10 1020.64 F —0.58 2.35 -0.91 9.81
HF —34.26 —-14.04 6.12 4214.75 HF —-3.80 —-3.74 1.23 89.85
N, —226.73 —37.73 6.62 2434.33 N, 4.45 —0.38 —-0.09 13.27
NF 22.01 20.26 34.50 1243.21 NF —0.13 —0.20 0.75 9.30
NH 60.36 —49.40 —11.30 3357.84 NH —-4.19 —-2.31 0.67 75.54
AlCI -0.22 —8.38 27.37 490.10 AICI -0.12 -3.11 -1.21 1.99
AlF —13.61 —-9.73 0.56 801.94 AlF —0.44 —-0.27 0.16 4.06
AlH 28.61 —69.63 —15.67 1672.66 AlH 0.25 8.57 3.37 21.64
Cl, 13.88 —63.20 18.13 572.21 Cl, 0.05 0.14 -0.14 2.33
CS —=27.71 —-8.14 4.42 1359.65 CS —0.20 0.20 0.13 6.02
FCI -3.25 —1.54 —24.43 813.55 FCI —-0.25 0.73 —-0.51 4.56
HCI 32.39 —41.28 —6.48 3027.38 HCI —1.45 —0.03 -0.20 52.23
NP —196.82 —35.27 3.86 1400.05 NP 2.85 1.68 1.24 6.20
P, —78.26 —53.37 6.68 821.09 P, 0.86 —-0.25 -0.19 2.54
SiO —86.14 —5.37 5.82 1290.01 Sio 0.06 -0.32 0.08 5.35
SiS —19.18 —18.74 —-0.94 778.90 SiS 0.02 0.24 0.51 2.28
BeO —146.68 —20.05 9.70 1583.17 BeO 1.69 —-0.89 0.26 11.07
BeS —18.01 —23.44 7.64 1020.36 BeS —1.98 —0.96 —-0.53 6.44
Li, -12.13 0.67 -3.81 353.09 Li, -3.21 0.91 6.10 1.79
LiH 30.07 —112.09 —17.38 1416.22 LiH —2.37 —3.62 —-2.03 25.14
MgO 282.72 8.77 55.46 746.49 MgO 4.05 3.35 1.36 0.66
MgS 30.78 —47.99 29.37 527.46 MgS —1.49 —26.49 1.48 2.76
Na, —-2.23 —-1.20 8.55 159.28 Na, —0.52 —-1.61 2.55 —0.69
NaF -3.02 -9.95 —2.74 578.41 NaF -0.14 -0.44 0.06 3.36
NaH 30.37 —90.84 —15.05 1158.69 NaH —3.06 —10.00 3.10 14.66

surface. For comparison, V@BD) was run to determine cm ! for C, and MgO. In contrast, MP2 has errors of over
whether the problem stems from the partitioning of the cor-100 cm ! or more for several molecules, including CO;, N
relation energy or whether it is due to the difference betweeMP, and MgO. In the last case, the VCCSD) error is
IP orbitals and fully optimized orbital&@s in VOD. We see  one-fifth the size of the MP2 one. For uncorrected VCCSD,
that while VOD(SD) does fix the problem somewhat, espe-the errors are smaller than those for MP2, but larger errors on
cially in w, and wex,, the other properties still differ sub- the order of 50 cm! or more are quite common, including
stantially from CCSD. Apparently, AICI does not lend itself most of the hydrides, N P,, and MgS. While MP2 and
well to a partitioned description of its correlation energy, atVCCSD(SD) tend to give fairly good results for a range of
least in the perfect-pairing active space. molecules with intermittent exceptions, VCCSD gives me-
In contrast to the fairly systematic improvement of the diocre or poor results for a large number of cases. Looking at
results going from MP2 to VCCSBD), the uncorrected the harmonic constants in Table IV, we again see that for
VCCSD behaves quite inconsistently. Although in a fewmost molecules the methods are fairly good, though each,
cases it performs reasonably well, it generally fluctuates sighas its exceptions. Notably, VCCSD predicts the wrong sign
nificantly, leading to rather large rms errors as shown inof wXe for AICI, MgS, and Na. Actually, in the case of
Table I. For example, VCCSD improves upon the MP2 de-Na,, CCSD, MP2, and VCCSD all predict a negativexe .
scription of harmonic frequencies, but it errs grossly in theThe experimental value, however, is 0.725 ¢mOnly
rotational constants. The anharmonic constants are also poWiCCSD(SD) gets the appropriate sign even if it is about
in most cases. The valence correlation alone is insufficient ttwice as large as the experimental value. The largest MP2
quantitatively describe potential energy surfaces and their arror is MgO, at 4.0 cm?, while the largest VCCSD error is
sociated spectroscopic constafgkhough it is of course bet- 26.5 cmi* for MgS, and the largest VCCSBD) error is 6.1
ter than no correlation at all cm 1 for Li,. Overall, while the difference between VCCS-
We also present Tables Il and IV containing the actualD(SD) and MP2 is less clear here, VCC&D) performs as
computed values ok, and weX., Which are representative well as or slightly better than MP2 on the whole.
of the best and worst cases for VCC&ED). For harmonic In summary, VCCSISD) successfully reproduces the
frequencies, the largest VCC®ED) errors are roughly 50 full CCSD spectroscopic properties of first- and second-row
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TABLE V. Reaction energies for isogyric reactions in the aug-cc-pVDZ basis. Errors are relative to CCSD
results. Energies are in kcal/mol. Reactions taken from Ref. 35 and the geometries from Ref. 36.

Reaction MP2 VCCSD VCCS(SD) VOD(S) CCsD
CO+H,—CH,O —3.085 1.589 -3.773 —3.289 —2.432
N,+3H,—2NH; —39.192 —26.329 —40.436 —40.827 —40.325
C,Hy+H,—CoH, —50.923 —40.190 —51.000 —51.389 —53.750
CO,+4H,—CH,+2H,0 —60.706 —-51.571 —65.353 —64.137 —66.246
CH,O+2H,—CH,+H,0 —63.954 —56.129 —63.901 —63.734 —63.659
CO+3H,—CH,+H,0 —-67.039 —54.541 —67.674 —67.023 —66.092
HCN+3H,—CH,+NHj; —76.505 —60.811 —77.205 —77.233 —79.291
H,0,+H,—2H,0 —137.678 —142.786 —139.381 —139.191 —-136.010
HNO+2H,—H,0+NH; —181.830 —-178.817 —180.785 —180.347 —178.307
C,H,+3H,—2CH, —110.558 —91.631 —109.311 —109.339 —113.645
CH,(*A;) +Hy,—CH, —133.405 —118.912 —126.818 —126.544  —125.228
F,+H,—2HF —143.647 —148.854 —141.691 —141.502 —138.327
2CH,(*A})—C,H, —207.175 —186.397 —195.326 —195.138 —190.562
Mean absolute error 4.044 10.316 2.224 2.114
rms error 5.851 11.902 2.630 2.507

diatomic molecules. VCCSD) is clearly superior to MP2 torsional barrier. As an example, we focus on the torsional
bond lengths, harmonic frequencies, rotational constants, arghrrier of ethane rotating from thanti to gaucheconfigura-
centrifugal distortion constants, and as good or better for théons. Table VI compares the results for the torsional barrier
anharmonic and vibration—rotation coupling constants. of ethane for MP2, VCCS(®D), VOD(SD), and CCSD with
multiple basis sets. Once again, VCOSD) [and
C. Relative energies VOD(SD)] performs much better than MP2 relative to the
CCSD results, with errors of roughly half a percent versus
To further test the faithfulness of VCC®BD) to 29439 for MP2. Although in this case the absolute errors
standard CCSD, reaction energies for a series of 13 isogyrigre rather small, the faithfulness of VCCED) to CCSD is
reactiond® were calculated with MP2, VCCSD, encouraging. In contrast, VCCSD seems to perform rather
VCCSID(SD), VOD(SD), and CCSD using accurate equilib- grratically, sometimes doing very well and sometimes behav-

rum geom_etrleé, the results of which are shown in Table V. jng more like MP2, demonstrating once again the importance
Once again, we see a substantial improvement in accura®f the perturbative correction.

relative to CCSD in going from MP2 to VCCSBD) and
VOD(SD) in terms of the mean absolute error and the root-
mean-square deviations. In fact, VG&ED) and VCCSDSD)
behave rather similarly, though V@8D) does slightly bet- Using a strong local correlation approximation for the
ter on the whole, as would be expected. More importantlyyalence correlation energy is known to sometimes introduce
VCCSD without the perturbative correction is clearly unableartifacts in computed potential energy surfaces. One classic
to accurately reproduce the relative energies of these reaexample is that both IP and PP-GVB predict broken symme-
tions. The first reaction energy even has the wrong sign. Byry in benzene—that is, they predict alternating longer and
itself, the valence space calculation is an insufficient modeshorter bonds as a stable structure as a result of the localiza
for the correlation energy. For four of the 13 reactions, MP2tion procedure and the restrictions placed on the cluster
actually gets closer to the CCSD results than VCCSD), amplitudest® This deformation can be represented as a de-
but in most cases the difference between the two methods igation of the bond angles from 60 deg to alternating angles
rather small. Overall, VCCS(3D) seems to satisfactorily of 60+¢ and 60-¢. What impact, if any, does the use of
reproduce CCSD reaction energies. these IP orbitals have on VCC$ED)?

A more sensitive test of the accuracy of any method isits  The results of such calculations are shown in Fig. 3,
ability to accurately predict small relative energies such asvhere the energy of benzene is calculated versus the defor-

D. Benzene and symmetry

TABLE VI. Torsional barrier of ethane undanti to gaucherotation with increasing basis set size. Energies are
in kcal/mol. Percent errors relative to CCSD are in parentheses.

cc-pvDZ? aug-cc-pVDZ2 cc-pvTZ®
MP2 3.744 (3.13 3.570 (2.21) 3.447 (2.01)
VCCSD 3.603 (=0.79 3.586 (1.03 3.371 (—=0.29
VCCSD(SD) 3.610 (—0.55 3.485 (=0.20 3.364 (—0.45
VOD(SD) 3.597 (-0.92 3.473 (-0.54 3.349 (-0.89
CCsD 3.630 3.492 3.379

®Reference 27.
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FIG. 3. Deformation of benzene and symmetry breaking. Calculations per-
formed in a 6-31G basis(Refs. 44, 4% and with radial distances fixed at 45 ¥
the MP2/6-31G level. The symmetry-breaking angle is described in the
text.
40 | ~
mation anglep. The VCCSDOSD) results for the deformation
of benzene correctly restore symmetry to benzene. This is s =
because excitations from one localized bonding orbital are =
allowed to occur to localized antibonding orbitals on other 0 L [ ! !
sites in the VCCSD calculation, thereby returning to the pic- 1.6 1.7 1.8 1.9 2.0 21 22

ture of delocalized bonding. Thus, we see no serious conse- Interaliylic Distance R (Ang)
guences from using the IP orbitals for VCC&D) in this

case where the IP potential surface itself is incorrect FIG. 4. C,, cut along the Cope rearrangement potential energy surface. The

CASSCRK6,6) and MRMP2 results are compared to IP, VCCSD, VCCS-
D(SD), and CCSD in the 6-31Gbasis using the CCSD optimized geom-
etries. Except for CASSCF, all the active space methods use the PP active
space. The bond lengRis the distancéin A) between the two allyl groups

Having demonstrated the performance of VCQSD) in the chair structure, and energies are relative to hexadiene in kcal/mol. At
shortR is the diyl intermediate, and at lorfg is the aromatic species. The

on simple systems, we shift our attention to a more difficult RMP2 data were estimated from Ref. 40.

example: the Cope rearrangement. This reaction has been the

focus of many studies at different theoretical levels including

semiempirical, DFT, and multireference methdf&! Un-  ment(the minimum on thisC,;, cut of the surfaceto occur
fortunately, the results of many of these studies contradictedear 1.85 A with a transition state barrier height of roughly
one another both qualitatively and quantitatively, and only31 kcal/mol above hexadieriéhe diyl and aromatic species
recently has the controversy been mostly resof?ékhe dif-  lie at 33 and 35 kcal/mol, respectivefl This drastic change
ficulty arises because of the very flat energy landscape alonig behavior has been attributed to the dynamical correction
a C,, cut in the potential energy surface that connects a diybllowing the sigma-bonding framework to relax during the
intermediate aR=1.64 A and an aromatic transition state at reaction®® In a sense, this can be thought of as a triple exci-
R=2.19 A38490ne way of exploring the success of various tation involving two activer electrons and an inactive
levels of theory in this reaction is to follow th®,,, cut of the  one.

surface between these two structures. Both RHF and UHF In this paper, we apply VCCSD and VCCE&ED) to this

are inadequate since RHF cannot properly describe theeaction and compare against CCSD and the multireference
diradicaloid species involved, and UHF overestimates thenethods. All calculations are performed at CAS$&;6)-
stability of such specie®. Studies also suggest that corre- optimized geometries using the 6-31®asis at 11 geom-
lated methods based on HF such as CCSD converge slowstries, with the interallylic distance ranging from 1.64 to 2.19
with classes of excitation includéd.Therefore, multirefer- A along theC,;, potential energy surface. In each case, re-
ence methods have become standard in most of the acceptstiicted orbitals are used. VCC$ED) and related methods
studies. As shown in the works cited above, a six-electronall use the PP active space, which contains 34 electrons in 34
six-orbital CASSCF calculation incorrectly places a smallorbitals for this system.

barrier between these two structures along@hg cut. The Figure 4 plots theC,,, potential energy surface as gen-
active space used includes the tewwdoonds and oner bond  erated using CASSCB,6) and MRMP2, IP, VCCSD, and
explicitly involved in the rearrangement. However, they haveVCCSD(SD). In the figure, the MRMP2 minimum and end
shown that the addition of dynamical correlation throughpoints were estimated from Ref. 40 and a smooth function
multireference perturbation theory eliminates this barrierinterpolated between. The energies given are relative to the
and predicts the true transition state for the Cope rearrangenergy of hexadiene for each method. As discussed previ-

E. The Cope rearrangement
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ously, CASSC#,6) places an unphysical barrier between

the two intermediates. Not too surprisingly, IP performs 120000 ' ' ' ' '
poorly on this surface. We see two distinct states in this
: ; . 100000 CCSD —=—
region: one roughly corresponding to the diyl and the other IP-VCCSD(SD) ----—-
to the aromatic intermediate. Presumably, the occurrence of VeeSDED) i
the second, lower-energy state in the aromatic region is a = 80000 - 1
problem due to broken symmetry in the orbitals for the aro- g
matic species, just as in benzene. The interesting question g 60000 -
becomes, can VCCSD overcome this broken symmetry as in
the benzene example? If we simply follow the lowest state at 40000 f-
all times, the answer is no. VCCSD as calculated from these
orbitals, though smoother than the IP surface, still demon- 20000 -
strates a kink where the orbitals break symmetry. In contrast,
if we follow the symmetrigdiyl) solution, VCCSD produces Ow o % 10 130 150

the smooth curve shown in Fig. 4. This curve is qualitatively
similar to the MRMP2 surfac® except that the minimum on
these two curves is rather lorigccurring at just over 2 A FIG. 5. Comparison of timings on growing linear alkane chains for various
instead of 1.85 A and the relative energies of the end point methods in the cc-pvDZ basi_s. In this figure, IP-VCQSD) refers to t_he

. . . . time of both the IP calculation and the VCC&D) calculation, while
intermediates are flippetthough the actual differences are yccgysp) includes only the actual VCCSBD) steps.

only a few kcal/mol—well within the model errorsDespite

the failure of the IP model, the orbitals so obtained are suf-

ficient for VCCSD to obtain approximately the correct shapeF. Timings

and relative energies of the intermediates as compared to the
minimum, as long as one remains on the symmetry-
preserving IP surface. Unfortunately, the energy of thesg
states relative to hexadiene is much too high; VCCSD place
the reaction transition state at roughly 46 kcal/ritbe mini-

Number of Basis Functions

As discussed in the Introduction, the purpose of this pa-
er is to assess the capability of a valence-based method to
pproximate CCSD. Future work will more fully exploit the
5otential efficiency of this approach. For the moment, we

) ) . content ourselves with a simple preliminary comparison of
mum O.f the Cyy surface, in sharp d|sagreement. W'}g‘ the the efficiency of such a method against standard methods.
approximately 31 kcal/mol reported by Kozlows al. VCCSD(SD) and CCSD calculations on a growing linear

. Pr_esumably, a better dgscrlptlon could be obtained b%llkane chain in the cc-pVDZ basis were performed and the
including dynamical correlation. In the present context, Wetimings noted, as is plotted in Fig. 5. In all molecules in

examine the effects of a partial treatment of dynamical coryis set the VCCSIBD) calculation (including the time
relation n th_e form of VCCSIBD), the resullts of Wh_'(_:h are required to obtain the IP orbitalss faster than the full CCSD
plott_ed _|n Fig. 4. Indeed, we see that_the_ transition staté e jation. The savings become more pronounced at larger
barrier is lowered to about 41 kcal/m@itill high), but the system sizes, as expected. By comparing the timings of
aromatic species is much lower than the diyl one. MoreoverVCCSD(SD) with and without the IP calculation. one can
although the minimum moves to shorter interallylic dis- gaq that obtaining the IP orbitals does not correspond to too
tances, it is still longer than MRMP2. Although the pertur- |36 4 fraction of the total computational time, which was
bative singles and doubles terms are largely sufficient to desne of the major goals of this study. Of course, the cost of an
scribe the aromatic species, the more difficult diyl specie§ po calculation is still far below that of the VCC$S8D)
presumably requires higher-order excitations in order to b&g|cyation. The next step, which we hope to report on in the

described accurately. These results agree fairly vyell Wi”?uture, is to apply local correlation approximations to both
those from CCSD, though CCSD shows a smaller differencene yalence part of the problem and the second-order correc-

between the two end points and a slightly shorter transitioRgy, 1o generate a method well suited to treating larger sys-
state. Thus, although the VCC8ED) surface is lacking as tgms.

compared to MRMP2, we see that it is reasonably similar to

CCSD, even in this difficult case.

Once again, we have demonstrated that VCCHD) is
rather faithful to CCSD, even in a very sensitive system.  This study has explored the validity of partitioning the
Unfortunately, in this example both methods are lackingcorrelation energy into static and dynamical contributions to
compared to higher level calculations. Intriguingly, we noticeapproximate a correlation methg@CSD which makes no
that in many senses, the pure valence space contribution sfich distinction. Such an approximation has the potential to
VCCSD gives a better description of the surface than eithebe significantly more efficient if it is sufficiently accurate.
CASSCFK6,6) or VCCSDSD). This behavior could arise Our model uses CCSD in the perfect-pairing active space
from either of two key effects: the increased size of the acof all valence electrons, plus a truncated perturbat®e
tive space relative to the CASSCF calculations, or the incorrection for nonvalence single and double substitutions.
complete treatment of dynamical correlation in the truncatedf appropriately optimized orbitals are employed, this
perturbative correctioiSD). We hope to report on a more VCCSD(SD) model approximates full CCSD fairly satisfac-
extensive analysis of these issues in the near future. torily for spectroscopic constants, structural properties, rela-

IV. CONCLUSIONS
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